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ABSTRACT

Ballistic evaluations of beryllium, beryllium<Doron, alumina-
Doron and alumina=-beryllium-Doron were conducted with caliber 0.22 =
inch and/or caliber 0.30-inch missiles at normal incidence. e
areal densities of the targets extended from 1.5 to 10 lbs/ft°.

The beryllium-Doron composites exhibited excellent fragment armor
characteristics while the elumina-Doron composites provided out-
gtanding protection against a single hit type impact by an AP-M2
prrojectile. The three~-phese composite exhibits an improved bhellistic
limit over elther of the two-phase composites at the same aresl
density agelnst caliber 0.30-inch projectiles.

Variations in target composition, structure and support had
little if any effect upon the ballistic limit velocitles determined
on the alumina-Doron composites except that a minimum thickness of
about 0.25 inches of alumina is required to cause sufficlent core

blunting and breakup of the AP-M2 proJjectile to result in a good
armor.

PROELEM STATUS

This is an interim report. Work on this problem is continuing.

AUTHORIZATION

NRL Problem No. FOL-15
Project No. RRMA-02-090/6521/R007-01-01
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INTRODUCTION

This work was initiated as & result of previous experimental
data obtained at NRL end reported in Ref. (1). It was found that
composite targets made from beryllium and Doron were superior to
other armor materials (within the same areal density range) when
subjected to attack by steel spheres. About the time the present
work was started, encoursging ballistic dats, obtained on alumina-
Doron composites tested with caliber 0.30-inch armor piercing pro-
jectiles, became available from industrial sources (the information
was provided orally or on single data sheets, therefore s refer-
ence is not available). The alumina-Doron composites impacted
with caliber 0.30-inch AP projectiles were reported to be superior
to any other armor material for the target areal density tested
(approx. 9.0 lbs/ft°), The areal density ranges of the two types
of composites did not overlap. The early dats on both of these
composlites indicated & lerge synergilstic effect. The beryllium
and alumine (A1.0.,) used in these composites have high Young's
moduli end relafively low densities, slthough the two materials
differ by almost a factor of two in specific gravity. Both
materiels exhibit bellistic brittleness; however the extent of
fracturing and target breskup is much greater for alumina targets
than for beryllium targets.

Knowledge was not available with regard to many factors which
might influence missile penetration resistence of these two speci-
fic composite targets. Among these factors were: the effect of
the mass percentage of each component used in a composite target
of given areal density; the effect of the method by which the
target componenta were joined; effect of target size, including
the effect of area of the square plate facing material (ceramic
or beryllium); effect of target supporting freme and other factors
which might influence the penetration resistance. It was not known
whether or not the composites would be superior toc other armor
materials for target areal densitles which had not been tested.

3ince there 1s no penetration theory which will allow one to
predict accurately the ballistic limit velocity of homogeneous
targets made of different materisls when subjected tc attack by a
wide range of missile masses and shapes over a wide range of target
areal densities and missile velocitles, 1t was decided that a purely
theoretical study was unlikely to offer a satlsfactory explanation
for the results which had been observed or provide information neces-
sary Lo produce even better composite armor materials or structures.

SECRET 1




SECRET

The approach to obtaining an understending of the mechanlisms involved
was planned as an experimental program involving predominately ballistic
tests of composite targets, surplemented with other experimental data,
to determine the effects of Young's modulus, sonlc velocity, and other
vhysical and mechanical properties upon the transfer of energy across
the boundary between the components of composites. Those factors to

be determined from ballistlc tests of composite targets included:

(o) the minimum thickness of alumina required for elumine-Doron targets
vhich would result in both blunting of Lhe point of the caliber 0.30 —
inch AP-M2 projectile end breakup of the main part of the core to the
rear of the ogive; (b) the effect of the type of adhesive used to bond
beryllium or alumina to Doron when tested with fragment simulating pro-
Jectiles and AP projectiles; (c) the effect of percentage of Al,0, from
whlch the ceramic is made when tested as an aluming-Doron composite with
caliber 0.30-inch AP projectiles; (d) the performance of beryllium-
Doron composites vwhen attacked by caliber 0.30-inch AP and ball pro-
jectiles; (e) ballistic daste to allow comperison of the beryllium-
Doron and elumine-Duron composite targets with homogenecus armor
meterials at more than one areal density. The areal density figures
presented for the composite materials represent the sum of the areal
densities of the principal components and do not include an allowance
for the bonding materials. The double surface adhesive tape and the
Proseal 890 resin used as bonding ggents had areel densitles of 0.025
1b/£t° and approximately 0.1 1b/ft®, respectively, for the thicknesses .
used. Careful observation of both the targets and projectiles after

testing was included in an effort to deduce from phencmenologilcal

aspects the mechanisms involved. Other experiments plenned included

studies of the strain distribution between composite materials sub~-

Jjected to impact over a large range of impect velocities. Through

the use of a thin layer of photoelastic material between two different

materials 1t was proposed to determine the degree and distribution of

strain resulting from impacting ‘the surface of the specimens by

counting the number of fringes induced in the photoelastic materlal

and the area or distance over which they were distributed. To

accomplish this requires that the specimens be made from narrcw

strips, which reduces the problem to one in two dimensions and

results in specimens which are quite different with respect to

component and total rigidity from specimens of semi~-infinite dimen-

sions in the plane of the specimen surface. Nevertheless it was

believed that the type of observations considered possible would

yield gquantitative date to indicate the extent and distribution of

loading of the rear component of a composite target resultling from

changes in the physical properties of the facing meterial. ’
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STRESS DISTRIBUTION UNDER IMPACT LOADING

In an effort to understand the mechanisms involved in the
synergistic effect (increased performence of a composite over that
afforded by each of its components acting alone) found in some
composite targets, & series of experiments was performed to deter-
mine the stress distribution transmitted by the back surface of
the initial component to the adjacent component. Materials for the
test specimens were selected so that modulus and density varled
over a falirly wide range, ellowlng the examination of the effect
of sonic veloclty in the material ( VE/p) on the trensmitted stress
distribution. Tests were conducted at impacting velocities of
approximately 5 £t/sec and low ballistic velocities which more
closely approximated true ballistic impact.

A dark field polariscope and photogrephic techniques were
used to determine the fringe pattern in a thin strip of photo-
elastic material, placed between the components, as a functlion
of time. This was accomplished by taking photographs of successive
impacts at predetermined intervals after impact for the quasi-
static tests and by using a high speed framing camere and multiple
flash units for the ballistic tests. Materials included in the
tests were steel, aluminum, titanium, beryllium, 6 Mg/Li-Al end
Doron as the facing component and steel, aluminum and Doron eas
the backing component. Test specimens were in the shape of bars
having approximately equal sreal densities 6 in. long and 0.2
in. wide. Since areal density appears to be a significant factor
in penetration resistance, constant areal density was selected
for the tests.

The results of the quasi-static tests indicste that there
18 good sgreement between the observed stress distribution and
the stress distribution calculated using an egulvalent static
load and the Winkler formula for s beam on an elastic foundation
which will not support a tensile lcad. In genersal, the stress
developed at the point behind the point of impact 1s lower,
delayed in time, and persists fci- a longer time when the back
component is of sluminum or Doron than when the back component
1s steel.

Instrumentation and control difficulties in the ballistic

tests prevent any quantitative conclusion from being drawn from
these tests at present, and the ballistic tests have been suspended
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pending development of improved experimental technigue. A new approach
to the determination of the stress distribution using pressure-sensitive
resistance transducers, ls belng considered to circumvent the problems
encountered in the photoelastic techniques.

BALLISTIC TESTS, RESULTS AND DISCUSSION

The test equipment and facilities used were essentislly the
game as those used in the earlier ballistic investigations of beryllium
and Doron composites as reported in Ref. (1). A new sealed target
chamber was used for part of the shots on compcsites utilizing
beryllium. This differed from the earlier chamber in that it pro-
vided more versatility in terget mounting and included facilities for
target assembly, cleaning and storage. The safety precautions des-
cribed in the earlier work were also utilized during this investi=~
gation.

The veloecity of the projectile was determined by using the
time for the projectile to pass between two grids separated by a
meassured distance. The velocity grid base lengths utilized were
elther one or two feet measured to the nearest 1/64 of an inch.
The counter chronograph, which was started by the breaking of the
first grid end stopped by that of the second, read directly to the
f1fth decimal place with the sixth being read tc the nearest
sixteenth. The overall error of the veloeity measuring system is
less than one quarter of one percent.

A, Tergets tested with steel spheres and fregment simulating
missiles

Beryllium, beryllium-Doron, and slumina-Doron targets were
tested with calibver 0.22-inch steel spheres, T-37 fragment simulators,
and/or yawed dart fragment simulators.

The available physical end mechenicel properties provided
by the menufacturer of the meterials purchased by NRL fc¢ : thls work
are glven in Tables 1 and 2. Additional targets were obtained in
an exchange of materials between the Chemical Warfare Laboratories,
Edgewood, Maryland end NRL. These items are described in footnotes
to Table 5.

The beryllium plates as indicated in Table 2 were produced
by hot pressing or rolling. The elongation, yleld strength and
ultimate strength of the rolled material are higher than those of
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the hot pressed material. For rolled materiel, the property values
given are generally higher for the 0.2-inch thick plates than for
0.4-inch thick plates. For & glven thickness, even when the plates
are rolled from the same heat, there is comsiderable variation in
properties of plates rolled at different times (for example the two
sets of values given in Table 2 for 0.2-inch thick plate made from
Heat No. 455-D).

The mechanical properties of rolled material, particularly
the elongation, vary with reference to the direction of rolling.
The elongation of the hot pressed meterial st equal thicknesses
(either 0.20" or 0.40") is quite different from heaet to heat.

The effect of elongation, ete., upon the performance of
beryllium 8s an grmor material alone or in combination with other
materials as composite armor was not known. At the time of pur~
chase of the beryllium it was expected that the primary difference
in physical properties would be between the hot pressed and the
rolled plates with the properties of each group belng more nearly
uniform than indicated in Table 2. The material was purchased using
minimum values of the yield strength and elongation established
upon the baesis of values which suppliers indicated could be obtained.

Because of variations in properties from one group of
berylliuwm plates to another, a questlon arose sbout the validity
of using a ballistlic limit determined from all groups of plates
a8 representetive of beryllium in general. As a consequence, an.
effort was made to perform ballistic tests in such & manner as
to determine what effect the variations in properties had upon
the ballistic limit velocity for plates tested alone and as a
beryllium-~Doron composite. To have done this conclusively for
8ll properties of initial concern {ultimate tensile strength,
yleld strength, and elcngation); for two or three types of
missileg; for severel plate thicknesses; and for both rolled and
hot pressed plste, would have required more material then wes
avallable. The beryllium plates used for the wvarious limlt
velocitles are indicated by plate number. The mechenical pro=
perties of these plates are presented in Table 2.

All of the ballistic data given for tests of beryllium
and beryllium-Doron tergets tested wlth steel spheres and 22
caliber fragment simulators are for projectile “hrough-the-plate
ballistic limits. This type of ballistic limit velocity, VL,

i
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is defined as the average of two velucities, one of which is the
highest observed velocily for which the missile did not pass
completely through the target, and the other is the lowest velocity
at which complete penetration of the target was accomplished. The
half difference between these two velocities is appended to the
limlt velocity by the & sign. For those lnstances where complete
penetration 1s accomplished at a veloelty lower then another for
vhich the missile does not pass complctcly through the terget,

the half difference is appended by the F sign.

Another type of ballistic limit designated as the pro-
tection ballistic limit veloelty, V,, involves the use of an 0.020-
inch thick bare sluminum sheet placed spproximately six inches to
the rear of and parsallel to the target surface. The protection
ballistic limit velocity, V., is then assigned in the same manner
es V. except that & complete penetration is defined as one in
whicl the missile or any part of Lhe missile and/or target
material causes an opening in the aluminum witness plate which
permits light to pass through it. When less damage occurs the
result is defined as an incomplete penetration irrespective of
vhether or not the projectile passes through the target. The
protection belllstic limit, V,, may be equal to, greater than,
or less than the missile through~the~plate limit velocity, V..
For targets which do not cause missile breakup or lose targe
material in the form of petals, spalls or plugs, V? and VL are
very nearly equal, with V, beilng higher by the amount necessary
to cause a hole in the 0.020-inch thick eluminum witness plate.

V. type limlits obtained with 0.22-inch diameter spheres
are glven in Table 3. As indicated in the remarks on Tables 3
and 4, the effects of elongation and tensile strength on the
ballistic limit of beryllium plates alone are ambiguous. For
compousite targets of beryllium-Doron therc 1s a preference for
the use of the more ductlle rolled plate over the hot pressed
material. Typlical photographs of targets efter impact with steel
spheres are shown in Figs. 1 and 2.

The results of tests of beryllium alone and of beryllium-
Doron targets with T-37 fragment simulating missiles are given in
Table I, A ballistic limit was not determined for the O.2-inch
thick beryllium because 1t was less than 926 ft/sec. This wus
sufficient to show that the beryllium st this areal density and
with this test missile was inferior to other armor materisls.
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It was not possible to obtain g V. for the O.k-inch thick
beryllium alone. The plate remaified intact up to 2095 ft/sec
with the depth of penetration estimated to be less than one-
fourth of the plate thickness. At higher velocities the plate
spalled and/or cracked. For this type target it is difficult
to obtaln meaningful ballistic deta based upon misslle through-
the-target ballistic limits. Results obtained with the composite
targets of beryllium and Doron show that the use of the rolled
plale 1s prefersble to hot pressed plate. 'This is in agreement
with the conclusion from tests with the steel spheres on the
same type of tergets. Although missile through-the-target
ballistic limits were obtalned on these composite targets,

the results of the tests were such that VL would not differ
appreciably from Vf.

Ballistic limits were determined with 22 caliber spheres
and. T-37 fragument simulators for both the beryllium-Doron and
the alumina-Doron targets. All date sre based upon protection
ballistic limits except for the beryllium-Doron targets tested
with the T-37 fregment simulator. The data obtalned with the
fragment simulator are given in Fig. 3 along with deta for other
excellent quality fragment armor meterlals. As noted above, V?
for these targets would be slightly higher than V.. Both
composite asrmors show a greater rate of lincrease Of ballistic
limit as a function of target areal density than the other armor
materials. Comperisons of ballistic limits of other armor
materials with the alumlna-Doron composites when tested with
caliber 0.22~inch spheres and yawed dart fregment simulators
are glven in Table 5. The alumina-=Doron targets are inferior
to avallable fragment armor materiels for the test missiles
used {spheres, T-37 end yawed dart fragment simulators) for
target aresl densities below about 2.5 lbs/ft2. For the compo-
slte targets the varlations used in methods of terget mounting,
methods of attaching beryllium or elumina to Doron backing, or
changes in area of Doron backing did not significantly affect
the ballistic limit veloecity.

The beryllium-Doron targets ere superior to other fragment
armor meterials for the target aorcal densities tested. The
date shown for beryllium-Doron targets in Fig. 3 are for
targets where rolled beryllium plates were used and represent
the most favorable comparison with other materials. Extra-
polation ot the limited data for beryllium-Doron targets indicates

SECRET 7
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that this type target will not offer a substantial increase in
ballistic limit veloclty, if any, over other good fragment armor
materials for areal densitlies below about 1.5 lbs/ftz,

B. Alumine-Doron composite targets tested with celiber 0.30-
inch Ball-M2 and AP-M2 projectiles

Alumina-Doron composites of approximately 9.0 1bs/ft2
were purchased from Goodyesr Alrcraft Company. The Doron was ten
by ten inches in size and the alumine facings, which were elther .
five by five inches or five and one-half by five and one-half
inches were centered on the Doron. The elumins was obtained from
Coors Porcelain Corp. in two grades. The avallable material
properties as reported by material supplier are given in Table 1.
NRL purchased two grades of alumina tile from International Pipe
and Ceramics Corp. These are deslignated as @McB grades 352 and 395
in Table 1. All GMcB tiles were five by five inches. Prior te
obtaining either the Goodyear composite armor or the NRL purchased
components for making composites, preliminary tests were made on
avallable alumine tiles which had been used in comnection with a
thermal study of ceramics. This material was in the form of six-~
inch diameter disks with 5/8-inch diameter holes drilled in the

~center of each disk. The disks were cut in helf for use in the
preliminary tests described below. These disks ere identified

in Teble 1, as Norton Grade A402. The Doron used at NRL in the
fabrication of all targets of elther alumina~Dorcn or beryllium-
Doron was produced from No. 143 fiberglass fabric bonded with a
polyester resin. Specification Mil-I-17368(MC) was followed in

so0 far as practical in production of the Doron. The specification
does not cover the areal density of Doron used; however fabric
gtyle, resln type, percentages, etc., conformed with thc specifi-
cation. Doron used was purchased from two mamufacturers.

There hes been conslidersble oral and written conjecture
that the mechanisms involved in defeating the srmor plercing
projectile with alumins-Doron armor include breskup of the tungsten
carblde core of the projectile and turning action of the core as
an entity. Breakup of the projectile and/or blunting of the ogive
(nose) of the projectile core is without doudbt an important factor.
This principle was used in the development of face hardened alr-
craft armor (FHAA) and was described in the literature over two
decades ago, Ref. (2), "Superior resistance to bullets by hard

8 SECRET
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bullet-proof plates compared with homogeneous plates cannot occur
except by @bllity to break the projectiles." During the develop-
ment of FHAA, efforts were made to obtaln hard feces on homngeneous
steel plate by nitriding and other techniques, Ref. (3 and k),

Such hard faces were not adequete to cause sufficient blunting or
breakup of the AP tungsten carbide core to result in a good quality
FHAA except for relatively thin plates for which these techniques
permitted hardening to a substantial portion of the platc thickuess
(approx. 30 percent). It was alsc found that: (1) there exists

an optimum hardness of the facing material; (2) the optimum thick-
ness of the hard facing is dependent upon the test missile, test
conditions (for example obliquity) and ratio of terget thickness

to missile diemeter, Ref. (3). It was demonstrated that the
presence of & thin (= 0.050=-inch thick) soft surface Jayer re-
sulted in a drastlic lowering of the ballistic limit velcelty as
compared to plates without the thin soft layer. This change 1in
ballistic 1limit velocity was associsted with missile breakage,

Ref. (3). The hardness of the back portion of the target wes
found to have an lmportant effect on penetration resistance.

FHAA armor made by adhering a hard face of about 600 BHN to a
softer backing provided an excellent armor for protection from
caliber 30 AP-M2 projectiles. It was evident from prior work

on hard face armor that the minimum thickness of hard facing
required to provide good results would be at least that thickness
which would severely blunt the ogival point of the projectile

cove and/or cause the core to break up.

It has been observed in the testing of metallic armor
materials with caliber 0.30-inch AP-M2 projectiles that small
amounts of yaw and/or obliquity mey have a large effect upon
the penetration resistance of the armor, Ref. (5 and 6). The
possibility that small eamounts of yaw would cause a significant
cffect upon the penetration of the hard faced ceramlc armor
waes considered likely. No effort has been made to determine
whether or not such an effect does occur; rather, effort was
concentrated upon eliminetion of yaw. At short distances from
the muzzle of the gun barrel the yaw is usuelly less then &t
a distance of several feet. A test facllity wes set up with
the distance from the barrel muzzle to the target of 29 inches.
Several barrels were used to fire in this facility. Two barrels
for which there was no apparent yaw over a wide veloclty range
as evidenced by firing into mctallic targets and observing the
projectile in the target were selected for use in testing.

SECRET 9
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Additional firings were made over trajectory distances of 12
feet for which no yaw was apparent in a vast majority of cases.
All ballistic tests with caliber 0.30-inch Ball-M2 and AP-M2
projectiles have been made with the trajectory normal to the
target face and at distences between 29 inches and 10.75 feet.

Our first experiments with alumina-Doron composites
were conducted to determine the minimum thickiness of wlumine
which, when bhacked with Doron, would cause blunting of the
projectile core and core breakup. @MeB grade 395 aluming tiles
in thicknesses of one~tenth and two-tenths of an inch were
backed with three-eighths-inch thick Doron pletes 12 x 12

inches. These targets were supported by 1 x 1 inch steel posts

on two sides and by a one-inch thick steel plate along a third

edge and were held to the steel posts with "O" clamps. It was
found that for 0.10-inch thick slumina, blunting of the AP pro-
Jectile core did not oeccur to any apprecisble extent over a velocity
range from g few hundred feet per second up to veloeities sufficilent
to cuase target penetration. The extent of core damage was greater
for the 0.2-inch thick alumina than for 0.10-inch thick alumina.
Tests using C.25-inch thick Norton alumins grade ALO2 backed with
Doron showed that considerable damage to the ogival point of the
projentile core occurred at and above T9h ft/sec. The point of

the projectile penetrated to & depth of approximstely one~fourth
the thickness of the aluming facing at 794 ft/sec. The extent of
core damage increased with velocity and core breakup occurred at
veloclties below that necessary to penetrate the entire target.'’
FPhotographs of recovered projectile cores are provided in Fig. L.
These experiments demonstrated that an slumina thickness of leas
than 0.20 inch would not cause sufficient AP core damage to result
in a good armor. One may question whether or not it is legiti-
mate to draw conclusions from the sbove experiments without know- °
ledge as to the effect of using alumins of different sizes, grades,
and from different sources. These factors are covered in the con-
clusions, at the end of this section.

In chronological sequence the next testing was of the two
groups of targets purchased from Goodyear Aircraft Corp. The pro-
tection balllstic limit veloeity was determined with AP-M2 project-
iles for the two grades of alumina. Comparison of the results (See
Items 1 and 2 of Table 3) led to a tentative conclusicn that targets
made from 99 percent alumina were superior to those made from 94 per-
cent alumina. Although there was a small difference in the areal
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density of the two types of targets, it was not anticipated

thet thils difference in areal density would result in the ap~
proximately ten percent difference in ballistie limit veloecity
ohserved. In tests of these targets the alumina was generally
shattered over an sres approximately two inches in diameter.

Some delamination occurred to the edges of the Doron, and an
occasional target had shear type bresks to the edge of the Doron.
Tests with caliber 0.30-inch Ball-M2 projectilecs of the Goodjesr
produced targets using AD-9% glumina resulted in deleminstion of
the Doron to a greater extent and some bulging of the Doron at the
back surface. Typical targets are shown in the upper left corners
of Figs. 5 and 6 for impacts with AP-M2 and Ball-M2. projectiles.
Prom previous experiments on the effect of Doron target area and
attendant delsmination (i.e. tests where the target area was varied
from small targets where the conditions were such that delamination
between layers of glass fabric occurred to all edges of the targets
up to areas where no delaminatilon ocecurred to the target edges), it
was believed that the 10 x 10 Doron plates were sufficiently large
to result in the same ballistic limit velocity as would be obtained
with an infinite area plate. In continuation of the experiments
using NRL made samples, it was decided to reduce the area of the Doron
in order to conserve material. The size was reduced to 8 7/8 x 8 7/8
inches.

The targets to be made at NRL were to have alumina tile of
different thickness and sizes from those made by Goodyear. The Doron
to be used was made by different manufacturers. It was considered
desirable to demonstrate whether or not these differences, combined
with any differences in the Goodyear and NRL techniques of bonding
the camponents, had an influence upon the penetration reslstance of
the targets. To do this the alumina was removed from seven of the
Goodyear samples made with 94 percent alumina. The alumina was bonded
to NRL procured Dorcn using Proseal 890 resin which is the same resin
used by Goodyear. A resin thickness of 0.020 inches was trowéled
onto the Doron, and the alumina placed upon this and allowed t0 cure
at room temperature. For two of the gseven tiles it was necessary to
put approximately 0.030 inches of resin on the Doron since unevenness
of the tile surfaces exceeded 0.020 inches. The thiclmess of resin
between the alumina and Doron was not unifom for targets made from
any of the tiles removed from the Goodyear specimens becausa of un-
evenness of the tile surfaces. It 1is assumed that this is also true
in genersl for all of the targets purchased from Goodyear. ‘The NRL
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purchgsed Doron to which these Goodyear tiles were bonded
was aof equal areal density to the Doron used by Goodyear.
Although a protection balllstic limit velocity was not ob-
tained with these targets, the testing performed demonstrated
that there was no large difference between the Goodyear and
NRL produced targets when tested with the AP projectiles (see
Ttems 1 and 3 of Table 6). It 18 belleved that the perform-
ance of targets preoduccd at NRL does not differ fram those
made by Goodyear because of differences in meterials or in the
geghnique of attaching the alumina to the Doran with Prosesl
90.

A series of specimens were made from the two types of
GMcB alumins bonded to 8 7/8 x 8 7/8 inch Doron. The alumina
was attached by one of three methods:(a) Proseal 890 using
0.020 inch thickness which after seating of the alumina and
curing resulted in an approximately 0.015 inch thickness of
resin; (b) Arsldite 502 epoxy resin which was selected because
of its high static and dynamic Young's modulus; and (c) by
using a 0.005-inch thick double surface adhesive tape (Scotch
brand pressure sensitive tape No. 406). The alumine tiles for
these experiments had ground surfaces which were specifiled flat
to within 0.001 inch and were in fact so smocth that two tiles -
could be picked up together from a table top by lifting the
upper tile. The Doron was also flat so that the thickness of
resin between each tile and the Doron was uniform. The resin
thickness was uniform for the targets using Prosesl 890 but
varied from 0.00% to 0.012 inch from sample to sample for the
epoxy bonded targets. The epoxy resin thiclmess vardation from
sample to sample was due to our inexperience in working with thils
resin and could easily be avolded; however, it is believed that
this veriation was of no cansequence in the behavior of the
target in the ballistic tests.

After testing this series of specimens with caliber 0.30—
inch AP-MP projectiles, it was concluded that neither the per-
cent AlpOz 95% or 99%3 nor the method of bonding the tiles to
the Doron“had a significant effect upon the protectlion ballistic
1limit veloeity (Data are given in Table T and a Lyplcal target is
shown in the upper right comer of Fig. 5).
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Tests with caliber 0.030-inch Ball-M2 projectiles resulted
in extensive bulging and delamination of the 8 7/8 x 8 7/8 inch
Doron {see upper right corner of Fig. 6). It was believed that
this could have a significant effect upon the balllstic limit
velocity. In previous ballistic tests of Doron alone with
fragment simulating missiles, significant lowering of the
ballistic 1limit velocity had resulted in going from target
areas where bulging and extensive delamination occurred to
larger specimens where delamination to the target periphery
did not occur. Since the targets were already prepared, 1t was
decided to provide restralnt along all edges. This was done
by taking two one-half inch thick pieces of 2024Thk gluminum alloy
12 x 12 inches and cutting out central areas 7 1/8 x 7 1/8 inches.
The targets were centered between the two pleces of sluminum
and the two pieces of aluminum held together by eight 1/k inch
screws which vere tightened evenly. A 7/8th inch width of the
Doron was held between the aluminum frames along each edge.

It was hoped that this would prevent the extensive bulging
and delamination to the Doron periphery. The bulging was
decreased, but some delaminetlion and breakege to the Doron
periphery still occurred. For the Goodyear 99% slumina, and
10 x 10 inch Doron targets impacted at velocities below that
necessary to cause complete penetration of the teargets with
caliber 0.30=inch Ball-M2 projectiles, there was reverse buckling;
that is8, the rear surface of the Doron after impact was closer
to the gun barrel than before impact. This is shown at the
lower left, Fig. 6. In similar tests with caliber 0.30-inch
AP-M2 projectiles no reverse buckling occurred. It was
apparent that the phenomenologicel aspects of these clamped
targets were differenlt from those llkely to be obtained in
tests of targets with infinlte Doron plates, and that it
should not be assumed that ballistic limlt velocities would
be the seme for the caliber 0.30-inch Ball-M2 projectile.

Tests were made using various types of targets clamped
in fremes with caliber 0.30-inch Ball-M2 and AP-M2 projectiles.
The ballistic limit velocities for tests with both AP-M2 and
Ball-M2 projectiles were found tc be the same as obtailned for
the same type of targets unclamped (see Items 1 and 2 of Table 6;
Ttems 1 and 2, Table 7; snd Item 1 of Tsble 8). With clamping
the 8 7/8 x 8 7/8 inch Doron delaminated to the edges when
impacted with Ball-M2 projectiles; therefore it was decided
to mske targets with 12 x 12 lnch Doron backing.
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Several additional tests were performed which involved
changes in target assembly, target mounting, and test facllities.
The dsta sre presented in Tebles 6, 7, 8, and 9 with detailed
explanations in the Teble footnotes. Typlcal tearget appearances
are given in Figs. 5 and 6. No effort will be made to gulde the
reader through the laborious details of individual tests and the
reasons for the various changes made. Attention is called to
Figs. 7 and 8 which give data and photographs of targets impacted
off center and of others which had & piece of 0.030-inch thick
alclad aluminum taped to the alumina facing.

The protection ballistic limit velocities for all of the
alumine-Doron targets tested with AP-M2 projectiles are plotted
a8 & function of areal density in Flg. 10. These date include
varlations in method of bonding alumina to Doron, Doron ares
dimensions, percent Al 0. of the ceramic, source of the tlles,
and method of holding %h targets. They were obtalned using
three different test facilities. Typlcal examples of AP=-M2
projectile breskup are shown in Fig. 9.

Although the dste points in Fig. 10 are not identified
in the legend, one may identify each polnt by referring to the
Tables. Most of the data fit a single smooth curve. The
targets for data points which are more than +50 ft/sec off the
curve (vertical displacement) were not sufficiently different in
construction from other individuel target types for which the
data fall on the curve to allow & plausible explanation for these
deviations. The curve shown in Fig. 10 is redrawn in Fig. 12 vhich
also includes a segment of a curve given in Ref. 6 which has been
adopted by the U. S. Army Materials Research Agency as & standsrd
against which comparisons are made of experimental material. The
U. S. Army Materisls Command has established a policy of classifylng
bellistic deate "Secret" when the ballistic limit velocity of the
test material 1s at least twice that of an equal arsal density
target of the standard for comparison. From Fig. 12 it is seen
that the slumina-Doron targets tested with caliber 0.30-lnch
AP-M2 projectiles have ballistic limits twice that of the standard
(a Specification rolled steel armor) for areal densities of about
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9.25 1bs/ft? and above. Data above 9.25 1bs/ft? would be
classified "Secret" whereas that below 9.25 lbs/ft? if
presented alone would be ¢lassified "Confidential®.

Figure 11 provides data obtained upon various aluming-
Doron targets tested with caliber 0.30-inch Ball-M2 projectiles.
The four dats points obtained upon targets using 99% Als0z fall
on a smooth curve. The data obtalned upon two targets us;ng oL
or 95% Alp0z fall slightly below the curve. It is suggested that
there may bé an improvement in penetration resistance with use of
99% over 95% Alg0s, although the difference is small.

CONCLUSIONS FOR SECTION B

With respect to the protection ballistlic 1limit velocity,
tests with both AP-M2 and Ball M=2 projectiles show that:

*¥1." Methods used for bonding of alumins to Doron had no effect.
See Table T. .

2. Method of support for the several methods used had no effect.

3, The A1203 content (94 to 99.3 percent) of the ceramic hsd
little effect’

L, Source of aluming used had little if any effect,

5. The percent by weight of alumina (between about 58 and 67
percent) had little if asny effect provided the alumina thickness
was greater than the minimum required to cause extenslve damage
t0 AP-M2 projectile cores.

For AP-M2 projectiles only:

1. 8ize of Doron backing used had no effect.

%2, Impacting the alumira off center dld not result in appreciable
lowering of the limlt wveloeity. This conclusion is based upon the

data for only two shots (data presented in Fig. T). No off-center
impacts were made with Ball-M2 projectiles.

#These conclusions either contradict or do not support conclusions
reported orally by others.
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¥3. Bonding an 0.030-inch thick 202473 eluminum sheet to the
alumina d1d not lower the limit velocity. The llimited tests
were insufficlent to determine whether or not the limit veloclty
would increase sufficlently to compensate for the added weight.
This factor is discussed in the section on future plans. No
such tests were made with Ball-M2 projectiles. See Fig. 8.

k. A minimm thickness of alumina of about 0.25 inch was re-
quired to accomplish adequate blunting and core breskup to
result in & good armor. See Fig. 4.

C. Alumina-Beryllium-Doron Composites

The result of the teats on aluming-Doron tergets and
beryllium-Doron targets showed the former to offer excellent
resistance to penetration by the armor piercing projectiles
and the latter to be excellent when attacked by fragment sim-
ulating projectiles. The only beryllium-Doron target tested
with AP-M2 projectiles was found to be inferior to the alumina=-
Doron targets.

It was postulated that the use of a composite of three
components could be made which might be superior to elther the
alumine-Doron or beryllium-Doron against both AP projectiles
and fragment simuleting projectiles. The ballistic data, ob-
servations of target behavior and postulated mechanisms involved
in the penetration led to the alumina-beryllium-~Doron composites.
Evidence from some tests with caliber 0.30-inch AP-M2 projectiles
suggests that, in addition to the destruction of the nose of the
projectile core by the hard slumina feclng, reflected stress waves
are causing fractures of the core. Examples have been observed
vhere the core was fractured with plane surfaces perpendicular to
the long axis of the projectlile. Even if this occurred regularly,
it probably would not be observed often if the fracturing took
place in the early steges of penetration since the core parts
would have considerable momentum and additional breakup would
oceur when they impscted the target. It wes observed in tests
of beryllium with steel spheres and T=-37 fragment simulators that
laree, deep spalls of beryllium occurred. It is believed that &
large amount of projectile energy is required elther to push the
projectile through this beryllium spall or to push the spall
through the Doron back-~up.

*
These conclusions either contradict or do not support conclusions
reported orally by others.
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The target composlitions used for the three-phase compo-
sites are given in Table 10. From the tests of the two component
composites it was expected that for equal aresl density, these
three-layer composites would be superior to the alumina-Doron
composites when attacked by fragment simulating projectiles.

The critical test of performance of the three-layer targets was
congidered to be attack by AP projectiles. The results of these
tests are given in Fig. 13. Tests performed with caliber 0.30-in.
AP-M2 projectiles on targets having ereal densitics of 6.1 and
9.4o0 1bs/ft2 result in protection ballistic limit velocities which
are 100-150 ft/sec higher than for equel areal density alumine-
Doron targets. Figure 14 provides photographs of targets after
impact at velocities below the ballistic limit velocity. The
spall off the back of the beryllium for the impact veloclty of
2670 ft/sec is over three inches in diameter. This spall is
separated by an annular fracture about one and one-half inches

in diameter as shown in the upper right of Fig. 1k. This be-
havior is typical for the beryllium and was observed for beryl-
lium and beryllium-Doron targets tested with steel spheres and
fragment simuleting missiles.

A three component target was tegted with caliber 0.30-
inch Ball-M2 projectiles at 6.22 1bs/ft“. The result is plotted
in Fig. 13.

No tests have been made of the alumina-beryllium-Doron
targets with fragment simulating projectiles. No effort has been
made to determine the proportion of the multiple component targets
which should be made from each material. To do this through
extenslive ballistic testing of targets is considered prohibitive
because of the cost of beryllium. The results of the ballistic
tests of beryllium-Doron composites using caliber 0.22-inch
mlsslles were influenced by the varlabllity in the properties
of the beryllium. The O.k-inch thick beryllium used in the
three-phase composites was hot pressed plate. Beryllium with
properties appreciably greater than for the grade used has been
made. It is estimated that the use of beryllium with the higher
physical end mechanical properties as a replacement for the
plate used in the three-phese targets msy result in an increase
in ballistic limit velocity of ten to twenty percent. Reference 8
shows that composites of boron carbide-Doron are superior to the
three-phase targets tested to date based upon data obtained with
caliber 0.30-1inch AP-M2 projectiles.
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CONCLUSIONS

Tests performed on slumina-Doron composlte targets
in the areal density range between about 1.25 and 4,5 l'bB/f‘Ea
with caliber 0.22-inch spheres and 0.22-inch fragment simulat-
ing missiles and on targets with areal densities between gbout
6.0 and 9.5 lba/ft? with caliber 0.30-inch AP-M2 and Ball-N2
projectiles show that the rate of inerease in ballistic limit
velocity as a function of areal density is greater in genhexsl
than for other armor materials. Also, within the rather broad
range of means used of bonding or holding the companents to-
gether or methods of mounting targets there was no significant
effect upon the ballistic limit., For the particuler case of
attack by Ball-M2 projectiles, the size of the Doron backing
plate may be significant.

Against caliber 0.30-inch Ball-M2 and AP-M2 projectiles,
aluming-Doron camposite targets in the areal density range 0.0
to 11.0 1bs/ft? offer excellent protection against a single hit
type impact. Acminimum thickness of about 0.25 inches of alumins
is required for two-phase sluminae-Doron targets in order to ac-
complish sufficient core blunting and breakup of the AP-M2 pro-
Jectile to result in a good armor.

Two-vhase composite targets of rolled beryllium-Doron are
superlor to alumina-Doron when subjected to attack by fragment
simulating projectiles and steel spheres within the range of
target areal densities and attack conditions investigated.

Also, composites using rolled beryllimm were superior ballistically
to those using the hot pressed material. Tt is expected that
increased ductility and uniformity of the mechanical properties of
rolled plates would result in improvement In the ballistic penetra-
tion resistence over the reported values. The two-phase composites
of elumina-Doron are superior to other good fragment armor materials
when tested with the T-37 fragment simulator using tergets having
arenl densities above about 2.5 lbs/ft?, and inferior at areal den-
sities less than 2.5 lbs/ft?. Tests of alumina-Doron at areal
densities between 1.3 and 2.5 1lbs/ft? with both 0.22-inch dlameter
spheres and the caliber 0.22-inch yawed dart fragment simulator show
these takgets to be inferior to other good ammor. Extrapolation of
data obtained on beryllium-Doron targets suggests that there will be
little or possibly no improvement in penetration resistance of this
type target over other good ammor materials for targets having areal
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densities of 1.0 = 1.5 1bs/ft?, the areal density range commonly
used for personnel armored garments.

Observations of target and missile dsmage in tests of
two-phase compssites of aluming-Dorcn snd beryllium-Doron re-
sulted in postulation of mechanisms involved in the penetration
which led to the construction of three-phase composites. Limited
tests have been made on only cne type of three-phase camposite.
This target type provided slightly higher levels of protection
from sttack by caliber 0.30-inch AP~-M2 and Ball-M2 projectiles
then is afforded by equal areal density alumine-Doron targets.
These proJjectiles are the only types used to test three-phase
camposites to date. As detalled in the text, these test con-
ditions were those believed to be the most severe in determining
the merits of using this composite; therefore the resulis obtained
are considered significant.

These composites possess characterlstles which may pre-
clude thelr use as armor materials for many aspplications. Be-
cause of the extreme toxicity of beryllium the composites con-
taining this metal may be unsuitable for use where personnel are
likely to be exposed to dust or fragments formed during penetra~
tion by missiles. The damage to the alumina-Doron composites
resulting from g single Impact is sufficient, In most cases; 4o
render the composite incapeble of defeating a second impact in
the surrounding area. Aymor applications often involve the use
of the material to provide a dual functicn, that of an srmor and
structural material. The composites in thelr present form do not
compare favorably with homogenous metsls for use as structural
materials.
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FUTURE PLANS

1. Tests of alumina-beryllium-Doron targets with caliber 0.30~
inch and/or caliber 0.50-inch fragment simulators will be made
in the areal density renge of 6.0 - 10.0 lbs/ft2, so that the
penetration resistance of this composite can be compared with
that of alumina-Doron and other two-phase composites.

2. Tests will be made of three~ and four-phase composites for
which the impact surface is a relatively thin sheet of high
strength steel or titanium. Based upon observations of tests
ith caliber 0.30-inch AP-M2 and Ball-M2 projectiles, it appears
that such a facing could restrain displacement of the ceramic
component, resulting in increased breskup and deformation of
these projectiles. Restraint of lateral displacement (which
would be provided for impacted tiles by the adjoining tiles
in large piates of armor) mey elso increase projectlle damege
in defeating the ceramic portion of the target. If this scheme
operates as envisioned it may permit a substantial reduction
in the thickness of ceramic required to accomplish breakup of
AP cores.

It is believed that the latter will be essential to obtain
& substantisl improvement in penetration resistance of equal
arcal density targets since prior experience does not indicate
that the proposed thin metal facing will result in extensive
damage to the AP projectile. The metal faclng and lateral
restraint of the ceramic may severely restrict the area of
ceramic damaged thereby providing greater protection ageinst
multiple hits within a small area.

3. Tests are planned using two-phase composites in which the
A120 is replaced by silicon cerbide. Since at least & portion
of tﬁe mechanism of AP projectile defeat is by blunting of the
projectile core, the harder materlal ls expected to be more
effective. Table 11 provides some handbook values of herdness
and other properties of & veriety of materials. It is believed
that a high value of VE/p is desirable for materials to be used
a8 the primary facing component. 1f the results indicate a
significant Limprovement over the use of A12°3’ silicon carbide

may be used ln n-phase composites.
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Plans also includej the use of boron carbides. This was
eliminated because of recently reported work being performed
by or under contract to Watertown Argenal Laboratories,

Ref. 8. The results reported in that reference show the
harder carbide-Doron composite to be superior to other com-
posites when tested with caliber 0.30-ineh AP-M2 projectiles.

L, fTests will be made using Ball-M2 projectiles as test
missiles on targets for which the rigidity of the backing
naterial is increased moderstely over that of Doron. Glass
fabric laminates using epoxy resins and the 6 Mg/Ii-6A1 alloy
developed under BuWeps sponsorship as an armor material will
probably be included among the backing materials.

5. A technique has been proposed by NRL personnel which is
believed, will permit the determination of stress at the inter-
face of composite targets. The appearance of some of the compos-
ite targets and the permanent displacements which take place lead
one to suspect that loading by the projectile of the target may be
sugtained for relatively long periods of time as campared to pro-
Jectiles penetrating homogenous metsllic targets (the latter has
been measured and reported in Ref. 9). If this is true, then
measurenents of the magnitude, area over vwhich applied, and the
time duration of transmitted forces at the component faces would
provide quantitative data for the selectlon of the materials end
proportion of each t0 be used in the production of composite
targets.

Preliminary trials will be limited to attempts to measure
the magnitude and time duration of the interface stresses at one
or two positions. If large differences in these factors are ob-
served for different composites, the work should then be extended
to include observations at several positions over the interface
ares. The sensing devices could not be reused and a large quan-
tity of high-speed recording cquipment will be needed in this
phase of the work.

SECRET 2l




SECRET

REFERENCES

1. Ferguson, W. J., Selbert, E. R., and Skowronek, C.J.,
"Ballistics Tests of Beryllium and Doron Arranged as a
Composite," NRL Report 5939 (SECRET), 7 June 1963

2. Irwin, G. R., "Ninth Partial Report en Light Ammor,"
YREL Report 1778, 4 Sept 1oul

3. "Metallurgy of Face-Hardened Light Armor," NPG Report,
25 Sept 194k

L, Hodge, J. M., and Joyce, H.V., "A Study of Ballistic
and Metallurgical Characteristics of Steel Aircraft Ammor,"
Carnegle~Illinols Steel Corp. Report to NRL undexr Contract
N-173-8-11392, June 25, 1948

5. Irwin, G. R., "The Effect of Yaw Upcn Penetration; The
Effect Upon Bullets' of Penetrating Very Thin Duralumin Sheets;
and the Use of Shielding Structures in the Fom of Grating,"”
NRL Report 1540, 19 June 1939

6. Irwin, G. R., and Webster, R. Alden, “"Seventh Partial
Report on ILight Armor," NRI Report 1600, 2i March 1940

7. Hegge, E. N., and Medeiros, M. F., "Current Technology of
Light Ammor Materials for U. 8. Amy Aircraft’ " U. 3. A.my
Materials Resesrch Agency Report AMRA MS 63-03, 14 May 1963
(Confidiential) ‘

8. U.8.A.M.R.A. Ietter Report No. AA-56, 28 March 1964,
Progress Report on Ailreraft Armor Program, 1 July 1963 -
28 March 1964 (U), Secret

9. Masket, Albert V, H., "The Longitudinal Vibrations of

a ProJectile During Armor Penetration," NRL Report 2275,
13 April 194k

22 SECRET




SECRET

SE-1E le-62

08 gL

9L

00f X2A0 00€ I8A0
09~ Ly 058-51

s oy
06°£-0g°€ 19 €-66°¢€
66 46

66-av H6-av

*dI0op uTeTav.I0g SI00D

6 6

6L 9°L

06gRe O0ER~
GG-05 o=-¢¢ Tumw Of
0s of oh
2g°€-08"¢ OL*€-69°¢ 09°€
€66 g6 66
26E-Eo1 SEE-EOND HeGE-0L,

-dI0o) sommeIa) puz adTd TeUOTjBULIAqUT

£s
08t
66
2oV

UO3ION

(Isa €0t x) U33uaxyg aTISUST

NG Troayooy

SYOW SSsaupIel

) ) 3ouduy Adxeyn
(1sa £0T x) mBusxyg saTesaxdmon
(14 €0t X) U3fusx)g TeMXSTJ]
(Isa moa X) £47T0TyS9Td JO SUTUPOK
Ly yaexn drIToedg

momi %

ueT3endrssq odAL 4o apBIY

J2INGORINUBH

(BUTWITY) SPTX) uMUmTy JO Se135od0X TedTTouoH PO TBOTSAUJ T orqel

23

SECRET



SECRET

"OT PUB “q ‘f SOTIEL UT 9081wy YIS I03 -POST UMTTTATSGSUY HaTa poyeiocsse oq Lew
seT3aadoad ay3 4eq} aSpao UT papracad ST Joqunu Aq 9erd yoses Jo UOTIBITITIUSPI  (T)

SECRET

€S8 T 2°€ 0°2E T°ly T-2999 2999 %
169°T ee 9°9€ 2°05 9°GH°E ‘T-aG6Y G614 L
8T 0% 19t 18 6°Q Lt “qf ‘Bt ‘qz ‘ez T-E99Y q-994 4
649 T 24 8- LE o3 (4 . TEE: e’ -
ghe° T g'2 T°9€ 9° 18 TT2‘T- a9 a-299 2 cmwmwmm o
lsg 1 6t '8 0°%q 0'6q 0°gS 0" £-o4H Q06THAL 4
€S8° 1 06 Lgg €1 6T T'LL € T-enH a-554 2
858° T €6 6°L 6°CS 506 o2l T0L €e-HH a-Ssh e
o T 9°6 0°28 @16 26l TSl HE3 T-gtE a-ssh 2
gt 22l T°TT #'CS €°05 9°€l L-TL STNTCT ST 6°g°LC ‘e T-9¢-H a-L6E 2 PaTTOH
T/ 5B T L T & T (T) ©osn s, "o arerq *CN 989  ssuouy
d % g-0T X ISd ¢ OT X IS4 SSaWo Ty,
uoTqeSuoTH *S8°X ‘e 5N
(1emyoegmuen £q PSPTAGId e3ep) S38ld WNI{TAISH JO SST1I3G0IJ TedTUeydsy pue [2o1sAul  *z oTqal



SECRET

*J*H 02 Jotxadns st 2989T7d POTTOI A4TTTAOoND JI9UITYU 22Ul va

*£9TO0T3A JTWTT OTISTITRQ dUY3 393JFe 10U PFP uodoq 03°9g Buryoegje
Jo poyasu o ‘qroddns Jo poysswm ‘pasu uoxoqg JO 921IS nn,v fmoxoq Y3 @1Tsodmoo 8 Jo yed sB pasn usym 998Td

198U} 97e0pUT QT ‘6 ‘g Swell Jo wostxedmo)

*3TWIT OTISTITE] 9U3 JSUSTY 343 £JTTTHONP U3 I938dx2 Y3 338Td *d°H J07 uyy s3s98%us sTUL * (2 oTqwl 99s)
-a1eTd passaxd q04 J0F S3TWTIT
23471 SUJ USIMI9Q 99BTPIMISQUT ST 998Td PITTOI 9Y3 JOT 4THYT 9TAIST[TRq 33 9 pue ¢ ‘4 ‘C smoql Jod
*(2 STaeL 29s) 23eTd passaxd 304 9Y3 UsY3 Y3IBUSILS PUR UOT3ERPUCOTS JOUSTH AT3uesiITulTs sey a38Td PSTTOX 9Y2
y8noyyTe 23eTd PITTCI oYz 01 Jotxadus sT 2qwyd passaxd q0Y¢ 241 9Byg 27BITPUT 2 PUR T swoql JO mostaedmo)

G PTe f sWa3] UeY3 UOTTBBUOTS JOMOT SeY TBTIS38W DPossaxd 30U oY Jo 9 wmeil

0EF6aLE

I sHIewSY

* (90 °oN pusaq 01098 ) uWnTTTAIS0 PUB TOIO(]
Y2 udsalaq sdeq sATqTSUes aamsssad pajeod aTqnop £Aq UOIOd YUY JO 9IBIINS 8] 03 PTOYU sBm UMTTTAISq ayuJ AMV
*SAmeTd 0, oa1 £q uoxod o3 PYAY Sem wmrTTAIsg

(h/€ TT x /€ TT * #/7)

e
radeq Buress 9aTyTSuUSs sanssoad £g 20w7d UT PTOY PUB UOIOE S WITM 10BLUOD uy poorTd sem unTrTAIaq YL M,_”w

(t)os 4 162 66°1T 2 loe T-a299 passaxg 90 0T
(8/L g x g/L g X #/T)
GEFOLLE (2)o5 1 16°2 66°1 Gz loz- T-a299 passaxg 30 6
(8/L g x g/L g x %/1)
0ST0EOY (E),yq T6°2 96°T Ge*  Hoer £-9tH POTION @
(8/L ¢ x g/L g x g/T)
0636TER (t)lz'2 92°'T TO°T gerr SotT* - THE PaTTOH L
qox0d + umMTT[AISg
G9¥509¢E 26E - - - 36°€ - -~ lou* T-aS64 Pessalg 90 9
O6FONEE T6*E =~ - - 16°€ - - - 9o% T-H99¢ passaxg 30H §
OhFOR6E %%t ---  gE --- lor L-399% PISSaIJ J0H
[Heiad1ley gt - - - 88t - -~  EO%° £-94H PaTTOd €
09FSHGT T - - - 06T - - - 90z 2-az299 passaxd 10H 2
0SFSE9T et --- L6t . ~--- Soz £T-9€H POTIOH T
SUOTY UMTTTAXSH
T omm\um TeloL Toxoq *3qg TOJIOq g *oN S3eTd *ON W11
A ‘f3Toorep TWTY mpu\mna soyout WnTTTAISE
STsTTTRd SSIW{OTUL

Arysusq Teaxy

sa13yds T 9peId MiS Jo1SWETP UDUI-gz- 0 UILA POISel Syasdel

33150dwo) UCIOQ-MMTTTAISE pue WMTITTAI9H JO SOTATOCTOA 3TWIT 01asTITeg

*¢ STaBL

25

SECRET



SECRET

~£27T00T3A JTWIT OTISTITRA SU3 3093F8 40U DPTP moxoq o3 uniTTAxsq SuTyoB3je Jo poursm Jo ¢qaoddns Jo poyjsm
‘pasn uoJoq JO 9ZIS a3 ?,V mnmwwﬁwmo.ﬁm X0 2 STq®iL ommv ‘UOIOJ UYITM 39 Tsodmod B Jo qaed g8 pasn uaga 2981d
*d"H ©3 Jotxadns st 2987d paTTox £3TTTIONP JOUSTH ayq va 13BUY 93BITPUT G PUB °C swell JO uosTIedmo)
*SYTMIT OTISTTITRq L%
398183301~ YBNOIYT STISSTW JO UOISUTHISYSD aTmaed qou PTP STTSSTH STY3 UM SUOTR WNTTAISq JO s9s9
: SHJIeWDR
*UOIO( PUB *3g I} UIIMISq
PooeTd (90K °*ON PUBaqQ q0q098) ade3 SAT3TSUes aunssaxd pajeod aTqnop Aq JounaBos PTOY UoIod pUB +oF (€)
“U0JIO( PUB -3 USSMYSQ FOVIUCD 4DAATP YITM o8 BUTTBOS 9ATITSUSS oamssoxd £q uoxoq 03 PTaY g (2
- sdweT) , 0, o431 £q Uoxoq 03 PTSY o Maw

(8 xgxg/T)

onTé2T3 (€)lz e 92'T TO'T gt ot €-THH PoOTIOY 9
(8 x g x #/T)

OETORGE (2)os°q 16'2  66°T 62 loe T-0299 PIssald 936K §
(TT x T X 4/1)

SHFOTEY ()64 1 162 §6°T G2+ 9oe ST 2T-9€H POTTOH 4
(8 x g x #/1)

OhF00EY (T)64°1 162 96°T s~ 9o HT-9EH paTTod €

uoxog + uNMTTTAISF

$602 < ‘A €€ --- 6g€  --- oo TI-0299  ©98said 40H g
925 > Ty 86T - ~-- 96T - == 902 6-95H PeTIOY T
auoTy WNTTTAISg
T oas /g Tejol, uwoxo@ o uoaoq@ -eof *oN 2718Tg *ON we3Y
A “£3700TaA fTWTT 13/sqT ___sayouyg WnTTTAZeT
OT3STITed g SSeWIOTUL,

A3 TsUQ TedIy

SIoleTYs JuSSE JC-1 I9qIT8O gg UILA Po1sSo], 549948] a3 150dmo)
UOIOQ-UNTTTAISE PUR UMTTTAISE JO S9T3TOOTSA FTWI oT4STITEE *f 9TQEL

SECRET

\0
q



SECRET

*TEN 38 DOUTIIS)Sp 3J9M UIATE sonrea L3Tsusp TeaTe oyf *£72AT705ds9x BPUTMTE YOTUS UOUT-QOT 0
PUB 0g0°0 TBUTWOU UITM PIDRJ SI9M PUR SSTIOIBIOQET SIBITEM TROTWSY] 573 WOXJ DPOUTBIGO II9M § pUR Z SWSYT

.«.t\mﬂ 46°0 Jo £3Tsusp Teaxe ue pey Suryoeq
UogoQ 8uj pue ¥OTUy SIYDUT ££0°( SBM BUTWNTE 9L * fmedme) gFexoxTy Jeakpoon woxy poseyoand ses T weq]

0TLT SLLT OK6T GEFCIET - -~ -- - GeFG6QT 262 3
0€ST 066T OEgT STFG6TL CI6T 0gsT OEFGEHT gr°2 2
olot 092T 00ST 027688 050T oter 0EF0T6 €T T
AOTTY A4-TVQ TUWooQ o-aqed UoTAN UOJOQ-BUTWNTY  WOIOQ OTIqe] UOTAN TUOIOQ-BUTNNTY 33 /sqt WanT
U TuUeq TL S3Joydg XeqsmeId ,22-0 Rq1Susq TeaaY

JOTBTNNTS qUsnBetd 1Ie( PamB) Jo0L]6) =2

995/93 ‘dA SSTITOOTOA JTEFI OTASTITEE WOTI0910ad

nosTIRdmO) Jo sasoding
JOZ PIPTAOIG STBTIIIRN JOWIY qusmBetd pood) Jaylo JOJ ®B1BA DUR
$183.°8F, UCIOE-BUTIMTY J0J SOT1TOOTA ITWT] OTISTITeH UOTI0990dd  *C STQRL

[
o

SECRET



*uocIo(q paamooid THN pue BuUmEnRTE pPaIndoad THN oYl moxI

2pTW SWRT JAYZO WOILI QUSISIITP 30U ST soTTioalfoad ZW-dV WATA S3s93 Ul Sousmaojxad ayj 38U} Jedo ST 3T

*0T *81Jd uo papnroOUT £ jutod B1ED SYYL °*06Q TESSOAd UITA PIPUOY SJI9M UOIO] PUR RUTENTE 9G] <S90BIans

pofeuspun PUE TESTO UTBIQO 03 Uooq dYs woxj paddyajs arom OTIqeI SSBTBISQTI JO sxskeT mMal ¥ *s398aeq
Jeafpooc) WOIF UINe] uood Pus (SEE-EIWD) svutwmye paandoad TN WOJAI SpEW axam fy W93 JOI s328xeq aul (L)

B+ T We3] PUB 3598I8) STU} U22aML9Q
m 2OUBIBIITP TRTIUBISALS OU ST SISUL 8L SIJVOTPUT STUL °*938[d SSSULIM BYJ UT STOY JD1OWETP YOuT H/T-T
m ® gpswm pus 4=Baeq Sy parerydusd aTrroefcad ZR-4¥ oMq owm\u.m GQae W *UTISSI 06Q TBosoxg Sursn
uoxo] paanooad THN OF PIPUOG PUBR T WSl WOJY PIACUSI BUTWOTE WOJIJ SPBM aJamM § WY JoJ $198a81 oyj (9)
*(995/22 G@ uvyy ssaT) 3083F° TrEES
® ST 4T 30U} J2TIT UOTR0330ad 3Yjq UT SSBRJIOUT UR UT SITNSOX sSwesZ uT Surdme[o JT 30Ul SMOUS STUIL
*37e7d ssoUlITM OUY UT SBM STO0Y JoISWERTP YouT N\Hl.m ® ‘SUWOTHTPUCD 2597 9SdY3 Japun owm\uh HwE€62 W (S u
-99s/13 49gZ IO FTWIT
UO0T30990Id JYY SHITJUCD STYF snyy ‘o987d SSoULTA 9U]l UT SOTCY [TEWS OM] IJIOM 3JI9Y) omm\au 682 W (%)
*£3TOOTSA ATETT
uoT302%0ad 9Y31 03 9sOTO Aroa Qg ©3 USHBY SBA STYL YBnoxmy ssed prnrod uBTT 2BY3 0S 1T aangound
10U pPTP q @je(d ssSulTA SY] PIUSP pus (08.req] 9Ug UBnoayy passed squswBeay saay Ay 100TRA STUY 9V (€)
*sdmeto 0, £q
s3sod 799318 UYDUT T X T O3 PTAY €8 LATQUOSSE® STYL *SMAJIOS [OUT .;\.m U381 Aq WaYl UM qouwn__mnp
34 I9Y33303 PTOU 5394 unupumyTe Jo s203Fd oM} YL - SSYOUYL w\a L x w\H ) 3O BOJIB MO N0 TBIJUED
® Y1 ssyout gT x 2T LoTTe UMUTMTe JO $3297d YOTY3 UDUT JTRU-SUC OM] UDBMA3Q PT2Y 2I9A £998xm] (=)
*998J87 01 TAITRq WNF JO ISTZZNW WOXI 2OURISTI( (1)
$*9 (L) szwc. €2 2 OT X OT 88"l €6°2 64 6 TN -4
69 (9) Sgge> 2 8/Lgxg/lLg o09°'g o062 OL'¢ $6 TN °€
G+9 (6) wE62 sewexy Uy
9] () 1682 2
7°g ST+598e € 0L X OT O0T'6 60°€ 09 66 Teafpoon -2
GL-ot (€) on9e (2) sswmaz uy
g TFG292 <
%2 76192 € 0T X 0T 08'g =2T°€ g9°g G6 xmafpocy -1
13 g J9s /a7 pazIoddng SayouT TB3CL TOJO(Q BUTENTY €%y o pue
(1) £aoz0afmag A “4TUTT OTSTITRE so8pg 8ZTg woo( 1¥/sax ¢
= c “IFJW " °ON wWSaT
U0790920aJ

fytsusq TRAIY

S9TTI08l0Lg 2R~V UDUI-0E 0O JIPqQYITEBD UITM S398Xe], UOIOQ-BUTENTY JO $3ssl 9 ST9BL

SECRET

28



 SECRET

/
-adeq 2a7]ISUSE
aanssaad
GexSlee eomyamg srqnog sl-ot 4 g/l g x g/l g 29'L  1%°2 T s 66 TIN -4
OhFSTLE s ow sl-ot i
€x6912 utsay 4Axody 59 4 8/Lgxg/llg il 16z €64 S6 TIN €
OnM¥00L2 u u ¢lot 4
SHECTeR “ " ‘679 sswexy uy
0EF5022 068 TEasoxd $*9 2 8/Lexgflg g5l 16z Lo 66 TIN -2
on¥002e u u Sl-ot sswely uy
SeFslae " “ $°9 SoWRII uT
S2F06Te 06g Tedsoxg 69 2 8/L gxgflL g ml T1Se €61 €6 TN T
g-W TTeE cH-av Hdutpucg 1z pataoddng saydUT I=10L UoJo(  TuTUmTY mom.E ¢
LT \pm Lxoq0slea], S98pY 2ZTS WOIOg 13/sqt .
mb ‘43100124 3TETT £ wmdm 3, .‘wm.m EMME
STISTITRE UOT39930Ig HISURQ TeIY N meaT

TUTUNTY pue

uozoq ussmyag pas() 3usBy SUTPUCH 3O 100734 <) s1O8[,

SECRET



+908738 Lue JT 9T94TT svY qJcddns Jo soeom a3 ‘spoyism Burimnon Y1 Jo Aue JI0J PAIINDDC UOTLBUTHETIP

m STHITIT ATSATIBT 239um “BuDoBq UOIOQ TYOUT OT X OT 342 J0F 38y} AOUS T WAQT WO 1591 JO S3TUSaT oqy,
Ww * YTy 295/1F Q0T 35eT 38 2q pynom mb 9Y3 jeUl pagemrlsa
sBM 1T .umm\pu L962 e anooo jou PIP 19%Iwy o4y JO uoireIausd aqatdmod *06g TBIS0Id YITM
uoxoq paJnooJd TN O3 PSPUOQ PUR T WOYI WOIJ POACERZX BUTWNTE WOXJ IPBW SBA G Woql JOJ 9o8aeq ayy, (€)
cefmeto o, 4q
s1sod T999S UOUT T X T O3 PTOY SvA ATqUSSSE STUL - SMAIOS gouT %/T AuSIe £q woyy usamgeq qo.nmn..mnu
U3TA I930807 PIOY SIOA UNITENTE Jo $9097d omq oy *sououT QfT L x 8/T L 3o ®axe 3no gm0 TeRIqUED
® U114 S9UoUT 2T X gr ACT[B WnuumyTs JO 5909Td JOTU3 UYOUT JTey-9UC oM udsM1aq PTIY aIam sqa3ae], (2)
*398183 03 TaxTeq w3 Jo 27220W WOAJ 3DU8ISTA ()
‘utssa Lxods we Y} PIPUOY oJom 9 We3I JOJ UOJO( PUB wUTUNTR dYY - (Qoh "ON pueag Uoq00g) oduy aATyISULS
2mssaad pezeod ITAROP Aq XouzoBel PTOY adem ) pue % WS3I JI0J WOXO[ PUB BUTWATE 3Yl, -qIodsx sTy3 Jo Lpoq
Sl UuT PeqII0sap sw perpdds upsax 06Q TR9SOIJ WTA PIPUOY DI9M asogqe L pue ‘g ‘4 moqT qdooxe s198xey TTV
SHFO66T Sl-ot K ST X2l ST'9 So'e 0T 4 66 THaN L
ONFSTLE Gleot 7 g/Lgxg/lg 'l TGe £€6°1 66 TAN °9
(€) Loge< 69 2 g/lLexg/lg o09'g o062 olg G6 TN S
SHFGGTE Gl-ot H ST X 2T 0f'g 69°€ €1-¢ 66 TaN 4
GEFCOgT gL ot v gtxer 9l'l ¢<og TT°S 66 M ¢
oh+o0oLle Gleot Ui 8/Legxg/Lg @5'L TSe lo-¢ 66 TN -2
Gevslog SleoT (2) semmaz ur
02+560€ $°9 2
C8TOROE 12 € OT X OT 08'g 2r'E 89°S  G6 xeafpoop T
I J9s g 13 PagI0ddng CEDET S T80l  UOI0Q  RUTUNTY momﬁ. 4 poe
A ‘£3700T8p ATWTT  (T) Lrogoalear soBpE 9218 wooq 33/sqt “IIN €O WOIT
OTASTTTRE UOT$02301g @ .

49T a8q TesIV

S8T1323l01g ZH-TTPE YOUT-0F-0 I9qTTe) U3IA UOIoQ-BUTENTY Jo S3835 g oTael

SECRET

30



SECRET

¢gq9098xe7 aTqBIRIMOD .no_..G ageTd sssujIa UT aTOY Jo9sweTp [o

*(L oTgel eas ‘uworog Jo woxe J0F 9d90x%2
UT 2/T T - ‘398xey pagexssued qous gup (7)

*(90h1 *oN pueag zupoomu odey 9AT4TSUSS aanssaad P33BOD STqUOP YITA JISQ19201 PLIY aJos ¢ pue ‘w4 ‘Z smoqy

"3d0d92 STU3 Jo Apoq SY3 UT PITIVEIP S8 06Q TEISOIJ YA PIPUOG SUSM € PUS T SWSIT

STFGLLT ¢l-ot 4 et xer 199 95T s 66 THN -§
[S%=4 {7 SLl-ot L SEX el 08’ G9°¢€ 614 66 TIN 4
(1) gote clot Ut eL X gt 9Ll g9z T & 66 TN €
GeFGETE 6L 0T i ST X 3T S8°6 20°€ £9°9 S6 TN -2
097G64ST ] 2 g/Lgxglflg €29 gez G6°¢ S6 TN T
298/47 17 pajaoddng EEDRY Y T8I0 UCIO([ ©eummly [

Iy “fa1o0T8p 2THTY £Liog03afeay, sa%pd 32ZTg uoxog 0T § rue

OTYSTIT®Y WOT09%0dg

8
/5T

£ytsusq TeRXY

SSTT309L0Id 2W-dY QOUT-CE-0 I9QTTED UITA S4507

*6 ¥TABL

*IFR €coN mex

31

SECRET



SECRET

*I20ENU WOTBOTITIUSPT oWwS oyq g3ts patrddns sagetd o:m._*

OT+080f  « SR dv EN6  96°T e6°¢ G6°¢ m“m*wm.mqﬂummw: 66 TUN ‘Y
08F0G9T N-ay 90°9 20°2 @eo0'e 20°2 g‘Llfe 1-9tu 66 TAN ¢
OT+aEce W TTed 6T°9 @6°T ¢6o'z 92 HeE‘e T-eHE 66 THN 2
Nm.m+ - - wadn*m nMAM@WJ
SgFoese - av 10°6 Qo€ woe - - - 2 T-gfH TN *T
i cp d8s /33 UOUT-0£°0 I9qTTE) TBIOL UOIOQ ~-2d  PUTWATY DOSA -SON 87814 ~o§ moma« g pue
['4
A ‘£3T00T3A TWITT STISSTW 3531 NPM\mpH -ZIH €-oN meaT

OTASTITBE UOT}09301

faTsusq Tesay

$93T50dWO) SSBUIF-IIIYL, JO S3S8], QT STIBL

SECRET

32



SECRET

Selected Properties of Some Hard Materials

Table 11.
Knoop Hardness

Material Ky 00
Diamond. 8000 -~ 8500
Boron Carbides 2670 - 2950
Silicon Carbides 2130 - 2760
Titanium Carbide 2350 - 2620
Aluminum Oxide 1860 - 2200
Tungsten Carbide 1570 - 2140
Tool Steel, R, 60.5 730 - 760

Young's Modulus

_f;i;iﬁﬁ pSI x 1070
3.5 155
2.5 66
3.2 7
k.25 L6
k.o 76

15.2 - 14,7 105
7.8 30

Properties ebstracted from published reference sources.

This table was not intended to provide s comprehensive list of potential
materials for use as facing components of composlte targets. Other
compounds of the mejor elements listed may be equally sttractive, for
example, titanium boride or titanium nitride. The tool steel, diamond
and tungsten carbide were included to provide a frame of reference with
respect to hardness for materials with which the reader may be familiar.
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Hot Pressed Plote
7/32Inch Steel Sphere Projactlle

. Shot No. : Valocity ft/sec
61 1740
: 62 : 16643
s ' 43 : 1903

i C 64 1790

: Rolhd Plate - ‘\‘
7/32-|n¢l1 Steel Sphou Projactile -

Shot No, Velaclly ftjsae
56 1889
37 14 51
-58 1761

59 : 1605
80. . - 1704

T ']Olllu ﬂdl
© Calber-0.20neh 1-37- hda ént Slmlﬂmu
i 8het Né. . Veloclly #liee
oo . y20

Fig. 1 - Typical results of impacts on 0,20-inch thick beryllium targets
with steel spheres and T-37 fragment simulators
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Hot Pressed Plate

Shot No. Velocity ft/sec
45 2478
66 2600
67 2904
68 3020
&9 3250
70 3415
71 3539
72 3670

Rolled Plate

Shot No. Velocity ft/sec
8¢ 4225
87 3945
88 3929
8¢ 3929
90 3760

Fig. 2 - Typical results of impacts on 0.40-inch thick beryllium targets
with 7/32-inch steel sphere projectiles
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5000

4000

3000

2000

BALLISTIC LIMIT (FT./SEC)

1000

2 3 2
AREAL DENSITY (LBS./FT€)

oL |

S

Fig, 3 = Comparison of beryllium-Doron and alumina-Doron composites
with other fragment armor materials against T-37 fragment simulator
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CALIBER 0,30 inch APeM2 Projectiles

impasty, velocity rt/sec

0,10 Inch Alumina v 2615
Impact, velocity ft/sec
0420 Thch Alumiha 1589 2654

Imgnct:, veloeity ft/secc
0,45 Inch Alumina 794 1250 2337

CALIRFR 0,30 Inch pall M2 Projectiles

Impact, velocity ft/sec
O.BS Inch Alumiza 944 1006 1597

Fig. 4 - Blunting, deformation, and break-up of projectiles at variocus
velocities (all backed with 0.37 inch Doron)
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2856 Impact velocity-ft/sec 2237
10 x 10 Doron: Size (in.) 8-7/8x 8-7/8
~0.30 thickness (in.) ~0.25
5-1/2x 5-1/2 Alumina: Size (in.) 5 x5
20.30 thickness (in.) 0.258
3 Edges Target support 2 Edges

Impact velocity-ft/sec 2308
Doron: Size (in.) 12% 12

thickness (in.) 0.25
Alumina: Size (in.) 5% 5
thickness {in.) 0.258

Target support — 4 Edges

Fig. 5 - Typical targets impacted with caliber
0.30 in. APM2 projectiles
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2961 Impact velocity-ft/sec 2655
10 x 10 Doron: Size /in.) 8-7/8x 8-7/8
0.301 thickness (in.) 0.25
5~3/4 x 5-3/4 Alumina: Size (in.) Bx 5
~0,3 thickness (in.) 256
3 Edges Target support 4 Edges

SO TN

Reverse buckling

3006 Impact velocity-ft/sec 2830
10x 10 Doron: Size (in.) 12 x 12
0,30 thickness (in.) 0.25
5x 5 Alumina: Size (in.) 5x 5
20,30 thickness (in,) 0,258
In Frame Target support 4 Edges

Fig. 6 - Typical targets impacted with caliber
0.30 in, ball M-2 projectiles
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2619 ft/sec Impact velocity 2548 ft/sec
Incomplete penetration Incomplete penetration
Center impacts Vp = 2615 ft/sec

Fig. 7 - Off-center impacts with caliber 0,30 in, AP-M2
projectile, Targets same as item 1, Table 3.

2231 ft/sec Impact velocity 2261 ft/sec
Incomplete penetration Incomplete penetration
Targets without aluminum facing — Vp = 2275 ft/sec

Fig. 8 - Caliber 0.30 in, AP-M2 impact on targets with
0.030 in. 2024-T3 aluminum facing.
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0,26 inch 95% Alumina

Impeit, valocity ft/sec
1 .
n
o

J

Impact, velocity ft/sec 2639 2075 2644 2955

Fig. 9 - Typical examples of AP-M2 projectile breakup.
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3500
e GMCB ALUMINA TYPE 352 OR 395 -DORON
o GOODYEAR TARGETS WITH AD-94 ALUMINA-DORON
x GOODYEAR TARGETS WITH AD-99 ALUMINA-DORON
3000 |—
)
L ¢ 8
~
e
L 25001—
o]
Te]
o
>
L ] )
Y
L]
2000 —
[ ]
[ )
1500 l l l
6.0 70 8.0 9.0 10.0
AREAL DENSITY (LBS./FT2)

Fig. 10 - Protection ballistic limit velocity against caliber 0.30-
inch AP-M2 projectile for alumina-Doron composite
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3500™"50R0N BACKING SIZE
e 12 x 12 INCH
B 10 x 10 INCH
© 87 x87%INCH
94% ALUMINA
3000 . /
995 % ALUMINA /
/
2500— /
G v
o %
= %
w 0@ ‘
O-
n
] .
a W
> 2000} /
1500 Z
100G5 70 80 9.0 100 10

AREAL DENSITY (LB-FT?)

Fig. 11 - Protection ballistic lirnit velocity against caliber
0,30-inch Ball-M2 projectile for alumina~Doron composites
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.

/ 4
2500

Y K7
&

.

™~
N
n
t

4 W e
L o
2000/ / . '.J,,;c'gl‘“ fo==]

[T -
—/—.,/

ocil]
RN #/
1300 "/ EoA

e *
al A;“:'/

J.

5 afis Aot =
b o ™
,‘/
/-"’/
Sourcel of Datla for Tllud Srnl Atfmor Is|Ref. ¢
1000
6.0 70

80 10.0 11.0
AREAL DANSITY: LB/FY2

Fig. 12 - Comparison of alumina-Doron composite target with specification
rolled steel armor against caliber 0,30-inch projectiles
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3500
« CALIBER O.30NCH BALL-M2
x  CALIBER O30-INCH AP-M2
//// X
3000— . ///
& Y4
& :
S @’/
QQ- Q’ )
S @‘)y
. )
5 2500 S s
Wl N
7] v S
£ , N
= Rl
[ ]
o
5 / /
< / -
2ooo~7é ////
b1 ' /
lsooxfi
1000
60 7.0 8.0 90 100 o

AREAL DENSITY (Lb/FT2)

Fig. 13 - Protection ballistic limit velocity against caliber
0.30-inch projectiles for alumina-beryllium~Doron composite
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Upper Left

Upper Right -

Lower Left -

Lower Right

Fig. 14 -

After impact at 2670 ft/sec, shows two segments
of alumina in upper half and the beryllium which
appesrs to be broken into four major pieces

Same target with spprox. 0.8 of the beryllium
removed to show beryllium spall still adhering
to the Doron

Same target showing beryliium surface which was
bonded to Doton at time of impact

After impact at 2922 ft/scc

Typical appearance of a tri-phase composite

impacted with caliber 0,30-inch AP-MZ2 projectiles
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